A sample of melter off-gas condensate produced during a vitrification demonstration test of the directfeed low-activity waste (DFLAW) Radioactive Waste Test Platform using waste retrieved from Hanford storage tank AP-105 was analyzed for major cations, anions, total cyanide, Resource Conservation and Recovery Act (RCRA) metals, selected radionuclides, and selected organic compounds. The melter secondary liquid off-gas condensate was concentrated through evaporation and then immobilized in a non-glass waste form using the Cast Stone waste form formulation. After the solid waste forms cured for 28 days, U.S. Environmental Protection Agency (EPA) Method 1311 (EPA 1992) Toxicity Characteristic Leach Procedure (TCLP) tests were conducted on two samples. The TCLP leachates were analyzed for RCRA metals, fluoride, and total cyanide. These chemical analyses were conducted to collect data on the waste form performance and to determine if the waste form would meet the disposal requirements of the Waste Control Specialists LLC (WCS) Federal Waste Disposal Facility (FWF) in Texas (WCS 2015) and the Integrated Disposal Facility at Hanford.
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Introduction
The current plan for the disposal of Hanford tank wastes is through the Hanford Tank Waste Treatment and Immobilization Plant (WTP) where both high-level waste (HLW) and low-activity waste (LAW) will be processed and made into glass. The Low-Activity Waste Pretreatment System (LAWPS) has been initiated to provide for the initial production of immobilized low-activity waste (ILAW) by feeding LAW directly from the tank farms to the WTP LAW Vitrification Facility for immobilization. Prior to the transfer of feed to the WTP LAW Vitrification Facility, tank supernatant waste will be pretreated in the LAWPS to meet the WTP LAW waste acceptance criteria. The key process operations for treating the waste include solids filtration and cesium removal. Once the feed is pretreated, the waste will be sent to the WTP LAW facility for vitrification. The vitrification process generates secondary wastes, including condensate from the melter off-gas system. The baseline approach is to recycle off-gas condensate back into the process to be incorporated into the melter feed after evaporation (Effluent Management Facility (EMF) evaporator bottoms). However, an alternative to recycling the off-gas condensate is being considered. The alternative considered here is to treat and then solidify and immobilize the EMF bottoms waste stream in a waste form that meets a waste disposal acceptance criteria.
Pacific Northwest National Laboratory (PNNL) has been contracted by Washington River Protection Solutions (WRPS) to support the development and deployment of a direct-feed low-activity waste (DFLAW) Radioactive Waste Test Platform. This test platform will include all unit operations within the DFLAW flowsheet to allow for the evaluation of alternative flowsheets and identification of process performance data to support flowsheet models using real waste samples. This support includes the engineering, procurement, set-up, and shakedown of the baseline set of processes for the test platform; initial operations with real waste samples; and analytical work to support unit operations and meet disposal requirements.
To demonstrate that disposal requirements can be met, a representative secondary waste from the melter off-gas system was prepared for stabilization as a solid waste using the Cast Stone formulation (Cantrell et al. 2016) . Required chemical analyses were conducted to collect data on waste form performance to evaluate an opportunity to alter the recycling and develop a waste form that meets any disposal site waste acceptance criteria (WAC). Before solid stabilization, samples of the liquid waste were collected for analysis of radionuclides, Resource Conservation and Recovery Act (RCRA) metals, fluoride, total cyanide, and organic compounds. After the solid waste forms were produced and cured, U.S. Environmental Protection Agency (EPA) Method 1311 Toxicity Characteristic Leaching Procedure (TCLP) tests were conducted on selected samples (EPA 1992) . TCLP leachates were analyzed for RCRA metals, fluoride, and total cyanide.
Methods
Methods used to analyze the off-gas condensate, evaporate the condensate, and complete the grouting of the evaporated condensate are described below and in project research records.
Off-Gas Condensate Analysis
The off-gas condensate was analyzed for inorganic constituents including major cations, anions, Resource Conservation and Recovery Act (RCRA) metals, radionuclides, organic compounds, and total cyanide. Because a small amount of reddish precipitate was observed in the off-gas condensate sample, an acidic digestion was conducted prior to analysis for major cations, RCRA metals, and radionuclides. Acidic digestion consisted of adding 0.8 mL of 16 M HNO 3 , 0.2 mL 8 M HCl, and 0.1 mL of 8 M HF to 20 mL of sample, which resulted in a dilution factor of 1.055x.
Inorganic Constituents
Inductively coupled plasma-optical emission spectroscopy (ICP-OES), ICP-mass spectrometry (ICP-MS), and ion chromatography (IC) were used to analyze various inorganic constituents.
Radionuclide Analysis
Most of the radionuclides were analyzed using a PerkinElmer ELAN DRC-II Quadrupole ICP-MS, coupled with an ESI PC3 spray chamber. Tritium and C-14 are not within the analytical capability of our ICP-MS instrumentation; therefore, subsamples for tritium and C-14 were collected and sent to the Southwest Research Institute (SwRI) for analysis. Co-60, Sr-90, and Cs-137 could not be quantified by ICP-MS due to various isobaric interferences. As a result, Co-60 and Cs-137 were quantified by gamma spectroscopy and Sr-90 was determined by separating strontium (Sr) from the sample by dissolving the sample in 8M nitric acid (HNO 3 ) and then passing the solution through a column of Eichrom SrSpec resin. In this method, Sr is loaded onto the resin, but most other metals and anions pass through. Further, strontium is eluted from the resin with water and the eluate is counted for beta emission to quantify Sr-90.
Conventional ICP-MS trace-element analysis involves the use of both National Institute of Standards and Technology (NIST)-traceable external standards (for calibration of signal intensity to concentrations) and internal standards (for tracing drift from the time of calibration as well as possible fractionation effects). Further, adhering to CAWSRP (Daudt 2018) to comply with Hanford Analytical Services Quality Assurance Requirements Document (HASQARD), Volumes 1 and 4, necessitates a specific order of analyses that includes calibration blanks, checks, standard spikes and multiple dilutions. Due to the nature of the sample, some aspects of this usual methodology could not be applied completely. Most elements present in the sample can be expected to have poorly known, non-natural isotopic compositions. This has the following three implications:
1. It removes the possibility of carrying out conventional corrections for isobaric interferences. Other elements that may be present at the same atomic mass will add additional signal to the desired analyte, but are usually mathematically removed by analyzing for another isotope of the interfering element, assuming natural isotopic composition, and subtracting the portion of the signal contributed by it. Because this analysis is for specific isotopes of elements with non-natural isotopic abundances, the concentrations obtained in this portion of the analysis have not been interference-corrected and are theoretical maximums of the elements in question.
2. The calibration curves obtained by running external standards must be handled by using a specific mass of an isotope rather than the isotopic mass distribution of an element. Because most radioisotopes being analyzed are not present in nature, the elements were instead analyzed for a natural isotope in the standard with the assumption of equal instrument sensitivity between different isotopes of the same element (in all practicality, there is no known reason to assume otherwise).
3. The fact that the standards and the samples involve the analysis of different isotopes means that the usual standard spikes conducted as part of CAWSRP are not possible.
Given these constraints, the choice was made to divide the analyses into three major blocks by mass: Ni to Tc, Ru to Eu, and Ra to Cm. A mixed standard comprised of the elements in the block were run at five dilutions, followed by blank checks and calibration checks. The sample was then run at both a 10x dilution and a 1000x dilution, both to serve as a check and to better validate the results by demonstrating that concentrations would scale as expected. This process was repeated for the other two element blocks.
Low sensitivity at lower masses, typical of ICP-MS, combined with polyatomic argon interferences hindered the analysis of some of the analytes in the low mass block. Most susceptible were Ni and Se, demonstrated by their failure to pass their final calibration check, probably due to drifts in the formation of interferences. Some sources of interferences were addressed in the data. Any interference derived solely from the ICP-MS itself and not the sample could be addressed to a degree either in the non-zero intercept of the calibration curve for the standards (though the assumption that the formation of the interference was constant throughout the run may not be true, as mentioned previously), or by the described method of assuming a natural isotopic composition of the interference. Using the second approach, interference corrections were conducted for I-129 and Cs-134 by measuring Xe-131. Because the Xe present is natural Xe contamination in the argon plasma gas, it can be assumed to have a natural isotopic composition. This assumption can then be used to calculate and later subtract the counts on mass 129 and mass 134 contributed by Xe instead of the sample isotope.
For the high mass block, in the cases of Ra, Ac, Cm, a lack of certified standards limits the quantification to an estimation, with the assumption they have the same sensitivity as uranium. Note this is not necessarily true (e.g., plutonium has a higher sensitivity than uranium), but the estimates are likely to be within an order of magnitude of the true value. Due to a lack of well-established, formalized procedures, specific quantification limits were not established for this set of analyses; however, a good idea of whether the concentrations reported were real or merely noise amplified by the calibration curve and dilution corrections can be garnered by first referring to the two dilution runs. If the more concentrated sample dilution scales accordingly (even if it is limited to just being in the same order of magnitude), then it is likely that the concentration is real. If not, then further verification can be obtained by referring to the baselines and rinse blanks measured during the runs. If the raw counts per second of the sample fall within the standard deviation of the baseline or rinse blanks, then it is unlikely that the analyte is present at measurable quantities.
Linear calibration curves were obtained from the five standards run in the form of Y =mX + b, where Y is the concentration, m is the slope of the curve, X is the counts per second, and b is the y-intercept of the curve. Conventional elemental analysis typically fits the counts per second of the data directly as the X value and solves for Y using the full equation; m is representative of the response rate of the instrument's counts per second for a specific concentration, and b is representative of the background signal present (this signal can be due to electronic backgrounds or background contamination of the isotope or isobaric interferences). Because this portion of the analysis is calibrated for certain isotopes using a different isotope for the same element, the b value of the calibration curve was left out because it cannot be assumed that the standard isotope and the sample isotope have the same background level; only the response rate m are shared between the two. This does leave the potential for the sample isotope to have a systematic error of a background value that is unaccounted for; however, the isotope can be qualitatively checked by monitoring the blanks between the samples to inspect for any significant background.
Organic Analyses
Sample aliquots for organic analysis were collected and sent to SwRI for analysis. SwRI used EPA methods 8015B (nonhalogenated organic compounds), 8081B (organochlorine pesticides), 8082A (polychlorinated biphenyls), 8260C (volatile organic compounds), and 8270D (semi-volatile organic compounds) (EPA 1996 (EPA , 2006 (EPA , 2007a (EPA , 2007b (EPA , 2014 .
Cyanide Analyses
Total cyanide was measured by SwRI using EPA method 9012B (EPA 2004).
Off-Gas Condensate Evaporation
A total of 11.821 L of off-gas condensate was received from the Radiochemical Processing Laboratory. From this, 4.845 L was removed for analytical samples sent offsite. The remaining sample (6.976 L) had an initial density of 1.01 g/mL and a pH of less than 1.0. The off-gas condensate was concentrated by evaporative heating on a hot-plate (between 70ºC and 90ºC) while being stirred to reach the density goal. The final density of the evaporated condensate was 1.106 g/mL. The final weight of the sample after the evaporation process was 514.02 g. An 11.06 gm sample of evaporate was removed, resulting in a net 502.96 g (454.8 mL) of evaporated condensate. The pH of the evaporated condensate was adjusted to 12.00 by adding 37.5 mL of 2.62 M NaOH and 84.5 mL of 10.00 M NaOH. The pH adjusted evaporate weighed 653.11 gm and had a density of 1.108 g/mL. The final ratio of condensate to evaporate was 10.68 g/g.
Cast Stone Monolith Preparation
Because of the limited sample volume, only one grout formulation was made. The formulation used was the Cast Stone formulation (i. The cementitious waste form specimens were prepared by adding the dry blend materials into a plastic bag and manipulating the bag by hand until the dry mixture appeared to be homogenous. The dry blend mix was then added slowly to an appropriate aliquot of the melter off-gas condensate evaporate waste sample just prior to making the grout specimens, and the waste-dry blend slurry then stirred until the paste appeared homogeneous (i.e., approximately 15 minutes in a lab-scale mixer). For consistency with previous work, mixing was done using the same equipment and laboratory procedures previously used to prepare secondary liquid waste Cast Stone samples (Saslow et al. 2017a (Saslow et al. , 2017b . The thoroughly mixed paste was transferred to plastic molds (right circular cylinders approximately 2 in. in diameter and 4 in. long). After being filled with wet slurry, the entire mold was vibrated, as needed, until no bubbles were observed at the surface of the wet paste. A perforated cap was placed on the mold and the molds transferred to a humidity chamber at room temperature and ≥80 percent relative humidity where the grout cured for 28 days. The waste form specimens were cured per ASTM C192/C192M, Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory.
The waste form specimens were visually monitored for the presence of free liquids after the curing began until no free liquids were visually observed during the curing period. No free liquids were observed after 7 days.
Cast Stone Monolith TCLP Testing
After curing for 28 days, select waste form specimens were sent to SwRI for analysis by Toxicity Characteristic Leaching Procedure (TCLP), EPA Method 1311 testing (EPA 1992) . TCLP tests are used to demonstrate if a waste form meets the RCRA land disposal restrictions for hazardous wastes. The melter off-gas condensate evaporate could potentially contain RCRA metals including As, Cr, Hg, and Se and potentially high concentrations of Zn. In addition, some of the dry materials may include these same or other hazardous materials.
Results
Off-Gas Condensate Analysis
3.1.1 Inorganic Constituents Table 1 through Table 3 present the results of the inorganic analysis results of ICP-OES, ICP-MS, IC, and total cyanide for the off-gas condensate. Table 4 presents the results of the radionuclide analyses. Several radioisotopes listed in Table 4 could not be quantified with certainty by ICP-MS due to isobaric interferences (i.e., Co-60, Sr-90, Y-90, Zr-93, Nb93m, Cs-137, Ba-137m, Th-232, U-232, U-238, and Pu-238). As a result, Co-60 and Cs-137 were determined by gamma spectroscopy and Sr-90 was determined by wet-chemical separation followed by beta particle emission counting. Both tritium and C-14 were quantified by beta spectroscopy.
Radionuclide Analysis Results
The mass shown as Y-90 (1,157 μg/L) in Table 4 was determined to have a large interference that was consistent with Zr-90. The total Zr concentration measured by ICP-OES (Table 1) Table 4 . This provides a maximum concentration estimate for these two isotopes. Different concentrations were determined for each of these isotopes because different elements have different sensitivities in mass spectrometry. Similarly, Cs-137 and Ba-137m could not be quantified by ICP-MS due to a large interference from stable Ba-137. The total barium concentration determined by ICP-OES was 67.4 μg/L. Using the natural abundance for Ba-137 of 11.23 percent and the total barium concentration measured by ICP-OES, suggests a concentration of 7.6 μg/L for Ba-137. This is similar to that determined by ICP-MS (9.1 μg/L). Although Cs-137 is expected in the off-gas condensate, measurable Ba-137m is highly unlikely due to its short half-life (2.6 minutes) and the many decades that AP-105 waste has been stored since its production. As a result of these factors, Cs-137 was determined by gamma spectroscopy.
A mass at 232 was identified by ICP-MS, but this mass component could potentially be Th-232 or U-232 or a combination of both. Th-232 is the dominant isotope of Th (99.98 percent), whereas U-232 is not natural and is only formed through transmutation of Th-232. Production of 233 U (through the neutron irradiation of 232 Th) invariably produces small amounts of 232 U due to parasitic (n,2n) reactions on uranium-233 itself, or on protactinium-233, or on thorium-232; however, because U-233 was determined to be below its EQL, it can reasonably assumed that all the mass at 232 is Th-232.
Likewise, an isotope at mass 238 was identified by ICP-MS that could be U-238 and/or Pu-238; however, Pu-238 can be ruled out as a contributor to mass 238 for the following reasons. Pu-238 has a half-life of 87.7 years and its daughter product (U-234) has a half-life of 2.5 × 10 5 years and a measured concentration of < 0.002 μg/L. If significant concentrations of Pu-238 were present in this waste, measurable U-234 would have increased during the many decades of storage in the Hanford tanks and this was not the case.
The radionuclide concentrations in the Cast Stone were determined from the measured concentrations in the off-gas condensate, the ratio of condensate/evaporate (10.68gm/gm), the amount of evaporate added to the Cast Stone formulation (0.370 gm evaporate/gm Cast Stone), and the density of Cast Stone (1.703 g/mL). These concentrations were compared to applicable Class C limits (30 TAC 336.362 Appendix E) in Table 5 . All radionuclides concentrations in the Cast Stone were determined to be below the Class C limits either by direct analysis of the off-gas condensate or process knowledge (in the case of U-232 and Pu-238). 
Organic Analysis Results
Results of the organic compound analyses of the off-gas condensate are presented in Table 6 . Of the 68 compounds analyzed only 9 were measured above their respective minimum detection limits. These results are highlighted in bold font for ease of identification. These compounds were acenaphthene, acetone, n-butyl alcohol, p,p'-DDT, methyl ethyl ketone, nitrobenzene, o-nitrophenol, pyridine, and toluene. Of the detectable compounds, only acenaphthene, acetone, o-nitrophenol, and pyridine were above their wastewater standards . None of the organic compounds exceeded the non-wastewater standards (40 CFR 268.48 -Universal Treatment Standards). 
Cast Stone Monolith TCLP Testing Results
Results of the TCLP testing are shown in Table 7 along with the Universal Treatment Standards (40 CFR 268.48) . None of the analytes exceeded their Universal Treatment Standard. All constituents with measureable results were an order of magnitude or less than their standards. All other constituents were below their detection limits. 
